The present study evaluated the secretions of interleukin (IL)-1␤ and tumor necrosis factor (TNF) ␣ by fetal membranes stimulated with group B streptococci (GBS) and lipopolysaccharide (LPS). The aim was to evaluate the initial response of full-thickness membranes to the microbial insult using an in vitro experimental model that allowed testing of the individual contributions of amnion and choriodecidua to stimulation. Full-thickness membranes were obtained after delivery by elective cesarean section from women at 37-40 wk of gestation without evidence of active labor. The membranes were mounted in Transwell devices, physically separating the upper and lower chambers. The LPS (500 ng/ml) or GBS (1 ؋ 10 6 colony-forming units/ml) was added to either the amniotic or choriodecidual surface, and accumulation of IL-1␤ and TNF␣ were measured in both compartments using a specific ELISA. Fetal membranes followed different patterns of secretion of proinflammatory cytokines that depended on the side to which the stimulus was added or the nature of the stimulus itself. The TNF␣ was secreted by amnion and choriodecidua in the presence of LPS or GBS, and stimulation with GBS induced a greater synthesis of IL-1␤ than did stimulation with LPS. Choriodecidual tissue was more responsive than amniotic tissue, and this response tended to be higher even when the stimulation was only on the amniotic side. However, the amnion plays an active role in recognizing LPS or GBS, contributing a significant amount of TNF␣. Thus, cooperative and bidirectional communications occur between amnion and choriodecidua in response to bacterial products, which include intermembranous cytokine traffic and signaling between tissues.
INTRODUCTION
Intrauterine infection is a plausible explanation for premature rupture of fetal membranes (PROM) [1] . Even though the entire pathogenesis has not been described, a hypothesis linking the inflammatory response to PROM has emerged, and ascendant colonization of the genital tract is 1 Supported by a grant from the Consejo Nacional de Ciencia y Tecnología (CONACyT-21117), Mexico. a proposed mechanism [2] . The presence of pathogenic microorganisms, such as group B streptococci (GBS), in the cervix, decidual chorionic tissues, or amniotic cavity triggers a local network of signals produced by both immune and nonimmune cells [3] . These signals coordinate the host defenses against infection, but unfortunately, they also may produce selective damage to fetal membranes, leading to PROM (among other pathogenic effects) [4] . The molecular mechanism of damage is supposed to occur after the initial contact between reproductive tract cells and bacteria or some toxic bacterial products, such as lipopolysaccharide (LPS), lipid A, or lipoteichoic acid [5] , which results in the induction of a proinflammatory condition. The secretion of various cytokines [6] triggers a secondary wave of local mediators, including prostaglandin (PG) E 2 , PGF 2␣ [7] , and matrix metalloproteinases [8] . The resulting microenvironment results in variable amounts of uterotonic compounds and extracellular matrix-degrading enzymes that may act on both fetal membranes and cervix [9] , leading to either PROM or preterm delivery. Although we do not know the specific mechanisms that lead to PROM or preterm delivery, rupture of the membranes will develop if selective degradation of the amniochorionic extracellular matrix is the main event [10] [11] [12] .
Several reports have evaluated human fetal membrane responses to entire bacteria and their products by using in vitro models that resemble intrauterine infection. Decidual cells are capable of synthesizing at least interleukin (IL)-1␤ and tumor necrosis factor (TNF) ␣ as well as IL-6, IL-8, and IL-10 in response to infection-like conditions [5, [13] [14] [15] , and they have IL-1, IL-6, TNF-I, and TNF-II receptors [16] . Chorionic cells are also capable of responding to bacterial products secreting at least IL-1␤, IL-6, IL-8, and IL-10 [17, 18] , and they express IL-1␤ and IL-6 receptors [19] . Local macrophages express IL-6, TNF-I, and TNF-II receptors [16] . Epithelial amnion cells can also react to infection-emulating conditions by secreting IL-6 and IL-8 [20] . This reveals the existence of complex autocrine and paracrine interactions between amniochorionic cells when exposed to intrauterine infections [21] . However, few experimental studies using entire membranes have been conducted to study the integral reaction of the amniochorion to bacterial products by trying to emulate the natural conditions of bacteria and host interactions. Enough clinical information is available to support the idea that intrauterine infections arise from initial bacterial growths in the lower genital tract that overcome natural, nonspecific defense barriers in the cervix, making the choriodecidua the next site FIG. 1 . Diagram of the Transwell culture system. The fetal membranes were held with silicone rubber rings in the upper chamber of a Transwell unit. In this model, the choriodecidua faces the upper chamber, and the amnion faces the lower chamber, making it possible to test two independent compartments separately. of microbial invasion [2] . At this stage, the membranes must act as a mechanical barrier and deploy an inflammatory response to control the infection. We have evidence from experimental models that choriodecidual infection can follow a chronic course or may be controlled without any further complications [9] . Although pregnancy is severely compromised when intraamniotic infection occurs, further knowledge regarding the mechanisms of interaction between different microorganisms and fetal membranes is central to the understanding of how infection may end in PROM or preterm labor.
To understand the interactions between choriodecidua and amnion in the presence of infectious agents, we have developed an ex vivo experimental model in which we emulate the anatomical relationships of the fetal membranes, maintaining the selective barrier function of the membranes (making possible selective stimulation of either the choriodecidua or amnion with LPS or GBS) and measuring the compartmentalized secretions of IL-1␤ and TNF␣. Characterization of the initial response of amnion or choriodecidua resulting in secretion of these cytokines is addressed.
MATERIALS AND METHODS

Fetal Membrane Explants and Culture
This project was approved by the Internal Review Board of Instituto Nacional de Perinatologia in Mexico City (register no. 212250-06101). Ten fetal membranes were obtained after delivery by elective cesarean section with written informed consent. Five of the membranes were used for stimulation with LPS, and the other five were used for GBS experiments. Women at 37-40 wk of gestation without evidence of active labor or clinical or microbiological signs of chorioamnionitis or lower genital tract infections were included. General microbiological analyses were conducted on the placenta and fetal membranes immediately after delivery by rolling a sterile swab across a randomly selected area and performing standard microbiological procedures.
The membranes were transported to the laboratory in sterile Dulbecco modified Eagle medium (DMEM; Gibco BRL, Bethesda, MD) and rinsed in sterile Hanks balanced salt solution (Gibco BRL) to remove adherent blood clots. Membranes were manually cut into disks (diameter, 18 mm) and were held with silicone rubber rings in the upper chamber of a Transwell system (Costar, New York, NY) in which the original polyethylene terephthalate membrane had been removed. In this model, the choriodecidua faces the upper chamber, and the amnion faces the lower chamber, making it possible to test the two compartments independently (Fig. 1) .
One milliliter of DMEM supplemented with 10% fetal calf serum (FCS), 1 mM sodium pyruvate, and 1ϫ antibiotic-antimycotic solution (penicillin, 100 U/ml; streptomycin, 100 g/ml; amphotericin B, 0.25 g/ ml; Gibco BRL) was added to each chamber. The mounted explant was then placed in a 12-well tissue-culture plate (Costar) and incubated under 5% CO 2 in 95% air at 37ЊC.
Another set of studies was performed simultaneously in which amnion and choriodecidua were manually separated and cut into disks (diameter, 12 mm) using a biopsy punch. Two pieces of choriodecidua or amnion were placed in each well of a 24-well tissue-culture plate with 1 ml of DMEM supplemented as described above.
Tissue Viability
Viability of membranes in the two-chamber model and in separated amnion or choriodecidua was determined by a colorimetric assay using tetrazolium salts added to the culture medium (Boehringer Mannheim, Germany). The assay is based on cleavage by metabolically active cells of the yellow tetrazolium salt XTT to form an orange formazan dye [22] . The assay was performed every 24 h of culture over 5 days.
Verification of the existence of a ''two-chamber'' system in which the amniochorion acts as a true selective barrier was evaluated by measuring the transepithelial electrical resistance (TER) of membranes as a measure of their physical integrity during experimental manipulation [23] . Briefly, randomly chosen membranes that were in culture in the Transwell model were taken out at 24, 48, 72, and 96 h under every experimental condition and immediately placed as a flat sheet between two Lucite chambers (filled with DMEM) of an Ussing chamber (UNAM, Mexico). A Millipore acetate filter (diameter, 13 mm) was used as a support for the membrane. A current pulse of 20 A was applied, and the voltage deflection was monitored in the vicinity of the membrane by two silver electrodes. Electrical resistance was measured in at least 10 different points for each membrane, and the contributions of the filter, solutions, and electrodes were subtracted. This information was interpreted as the actual integrity of the membranes at different incubation times. At least five different membranes were evaluated in each experiment.
Microscopy
Membranes were analyzed by standard histology techniques using hematoxylin-and-eosin staining to verify the anatomical integrity of the tissues following incubation.
Stimulation of Membranes in Culture
Explants were preincubated for 48 h in medium containing FCS to stabilize the tissues after manipulation [24] . After this time, the medium was changed to DMEM with 0.2% lactalbumin hydrolysate (Gibco BRL), and all experiments were carried out in this medium after 24 h. The explants were stimulated with 500 ng/ml of LPS from Escherichia coli 055: B5 (Sigma, St Louis, MO) [24] or coincubated with 1 ϫ 10 6 colonyforming units/ml of Streptococcus agalactiae [5] , serotype III (9710860) isolated from vaginal exudates. Potentially toxic effects of bacterial overgrowth were prevented by the presence of antibiotics in the media. Media from either the amnion-or the choriodecidua-facing chamber were collected after 24 h of incubation.
Each experiment with explants mounted in the Transwell system included the following four conditions in triplicate for each membrane: 1) control membranes in which only medium was added to the compartments, 2) GBS or LPS were added simultaneously to both compartments, 3) GBS or LPS were only added to the choriodecidual side, and 4) GBS or LPS were only added to the compartment in contact with the amnion. The media on either side were collected at 24 h and stored frozen at Ϫ70ЊC until assayed.
Separated amniotic or choriodecidual tissues were stimulated under equivalent conditions. The concentrations of protein in all samples were estimated using the method of Bradford [25] .
Cytokine Assays
The IL-1␤ and TNF␣ concentrations were quantified by ELISA according to standard methods [24] . Monoclonal antibodies against IL-1␤ or TNF␣ (R&D Systems, Minneapolis, MN) were used as the capture antibodies, and polyclonal biotinylated antibodies against both cytokines were used as detection antibodies (R&D Systems). Standard curves were developed using human recombinant IL-1␤ (R&D Systems) or human recombinant TNF␣ (R&D Systems). The IL-1␤ ELISA had a sensitivity of 15.6 pg and was linear in the range from 20 to 1000 pg/ml. The TNF␣ ELISA had a sensitivity of 3.91 pg/ml and was linear in the range from 5.0 to 500 pg/m. Both intra-and interassay coefficients of variation were less than 5%. A rigorous quality-control program, including external and internal standards for both cytokines, is followed in our laboratory.
Statistical Analysis
Comparisons between groups were performed using the Kruskal-Wallis one-way analysis of variance on rank tests, and P Ͻ 0.05 was considered to be significant. All values are mean Ϯ SD unless otherwise stated.
RESULTS
Histology, TER, and tissue-viability assays indicated that the integrity and function of the membranes were maintained under the culture conditions for at least 96 h. The TER basal values (42.81 Ϯ 5.5 ⍀/cm 2 ) did not show a significant decline during incubation with either LPS (53.38 Ϯ 13.56 ⍀/cm 2 ) or GBS (48.59 Ϯ 10.0 ⍀/cm 2 ). Cytokine production was normalized as ng/cm 2 of full-thickness membranes.
We evaluated IL-1␤ and TNF␣ secretion into the culture media after stimulation with 500 ng/ml of LPS for 24 h. Stimulation of any side of the membranes with LPS using the Transwell model induced a minimum increase of 22-fold in the IL-1␤ concentration in both amniotic and choriodecidual compartments compared with the corresponding controls (n ϭ 5, P Ͻ 0.05) ( Table 1) . However, IL-1␤ reached twice the concentration in the choriodecidual compartment compared with the amniotic compartment when the choriodecidua was directly stimulated either alone or simultaneously with the amnion (n ϭ 5, P Ͻ 0.001) ( Table  1) . When choriodecidua and amnion were cultured and assayed individually, only the choriodecidua secreted IL-1␤ in response to LPS (n ϭ 5, P Ͻ 0.05) (Fig. 2a) .
Similar results were obtained for TNF␣ secretion after stimulation with LPS, except that the minimum increase in secretion was 35-fold above the basal conditions (n ϭ 5, P Ͻ 0.05) ( Table 1) . When amnion and choriodecidua were manually stripped and cultured, they secreted TNF␣ in response to LPS; however, the choriodecidua secreted threefold more cytokine than the amnion (n ϭ 5, P Ͻ 0.01) (Fig.  2b) .
When the membranes were stimulated with GBS, the IL-1␤ concentration increased in the choriodecidual compartment to an average level 30-fold above the basal concentrations and only when GBS was added directly to the choriodecidual compartment (n ϭ 5, P Ͻ 0.05) ( Table 2 ). Adding GBS simultaneously to amnion and choriodecidua resulted in increased secretion of IL-1␤ into the choriodecidual compartment, but this never reached the response observed when the choriodecidua was stimulated alone (n ϭ 5, P Ͻ 0.05) ( Table  2 ). The nonresponsive behavior of the amnion was confirmed using separated membranes. In those experiments, only the choriodecidua was capable of secreting IL-1␤ (n ϭ 5, P Ͻ 0.05) (Fig. 3a) . However, the maximum secretion of IL-1␤ by the isolated choriodecidua was only a fraction of that secreted when the membranes were cultured together (Fig. 3a) .
Secretion of TNF␣ was induced by GBS, and higher concentrations were found in the choriodecidual compartment when this portion of the membranes was stimulated directly (n ϭ 5, P Ͻ 0.05) ( Table 2 ). However, concentrations never reached the maximum responses observed with LPS stimulation. When choriodecidua or amnion were cultured in separate wells and stimulated with GBS, the production of TNF␣ was significantly higher in the amnion (n ϭ 5, P Ͻ 0.05) (Fig. 3b) .
DISCUSSION
Different clinical and epidemiological evidence supports the hypothesis that infection starting in the cervicovaginal area may reach the amniotic cavity by an ascendant and progressive invasion of the internal cervix, choriodecidua, and chorioamniotic membranes [2, 26] . The experimental model we used in the present study was designed to emulate the presence of two compartments separated by a fully functional amniochorion and to replicate the response of fetal membranes to LPS and GBS when added to either choriodecidua or amnion. This can be relevant to our understanding of the actual mechanisms of ascending cervicovaginal infections. For these infections, the first step must be contact with the choriodecidua before reaching the amniotic face of the fetal membranes. In addition, experiments to evaluate the individual response of separated choriodecidua and amnion were performed under equivalent experimental conditions to isolate the individual response of both tissues. Fetal membranes were fully functional during the experimental procedures, and evidence of physical integrity allowed us to show that IL-1␤ or TNF␣ found in the choriodecidual or amniotic compartments after stimulation with LPS or GBS were selectively secreted by these membranes. We selected these cytokines as functional markers of membrane responses to LPS or GBS, both because other reports have shown that entire membranes can express these cytokines on stimulation with bacterial products and because they are key modulators of the inflammatory response. Previous reports on the amniochorionic response to infectious elements have focused on the effects on isolated cells [17, 18] or entire membranes in which no effort was made to preserve the in vivo spatial relations of amnion and choriodecidua as a separating barrier between the maternal/fetal compartments, [24, 27] . To our knowledge, in only two published studies have entire membranes been evaluated using a system such as ours, and these studies have demonstrated that PGs are synthesized in the amniotic compartment following stimulation of the choriodecidual side [28, 29] .
The amniotic membrane and the choriodecidua showed selective and distinct TNF␣ and IL-1␤ secretion patterns after stimulation with LPS and GBS. Some of these effects appear to be tissue-specific responses, but others can only be explained by cooperative interaction between the amnion and choriodecidua. In general, the choriodecidua was the more reactive tissue, secreting both IL-1␤ and TNF␣, and the amnion was only capable of secreting TNF␣. On the other hand, stimulation with LPS elicited high secretion of TNF␣ by both amnion and choriodecidua, whereas GBS elicited a higher secretion of IL-1␤ by the choriodecidua alone. This supports the concept that the fetal membranes have polarity both for stimulus recognition and for cytokine secretion.
Stimulation with LPS resulted in accumulation of IL-1␤ and TNF␣ in both compartments, independently if the com -FIG. 4 . Integrated view of amniochorion response to LPS and GBS. Bacterial endotoxin can be recognized by both choriodecidua and amnion. The resulting TNF␣ secretion is mainly caused by the choriodecidua's response; however, the amnion can also provide some (a). Group B streptococci are mainly recognized by the choriodecidua, which secretes higher amounts of IL-1␤ than under LPS stimulation. Both choriodecidua and amnion contribute to TNF␣ secretion in response to bacteria. The IL-1␤ is secreted only by the choriodecidua; cytokine in the amnion compartment can be explained by transmembrane trafficking (dotted line; b).
pound was only added to the amnion or to the choriodecidua. Secretion of IL-1␤ to the amniotic compartment was demonstrable only when choriodecidua and amnion were together, in contrast to experiments in which both tissues were mechanically separated and stimulated, and only the choriodecidua secreted IL-1␤. These results are in agreement with previous results demonstrating that the mRNA for this cytokine is only expressed in the choriodecidua [19] . Therefore, the presence of IL-1␤ in the amniotic compartment during our experiments can only be explained by the diffusion of choriodecidua-secreted IL-1␤ through the fetal membranes. This possibility has been addressed by Kent et al. [30] , who demonstrated the transmembrane diffusion of several cytokines. Although we know little about the cellular biology of cytokine transport across tissues, we know that these signals can modify paracellular transport, a phenomenon that has been explored in several epithelial tissues and that may explain the extensive diffusion of cytokines in our model. On the other hand, stimulation of IL-1␤ secretion by the choriodecidua after amniotic stimulation with LPS implies that this molecule can travel across the amnion to reach the choriodecidua or that there occurs an initial recognition of LPS by amnion and transduction of the signal to the choriodecidua. The chemical nature of LPS makes it a nondiffusible compound in the amniochorion, and to our knowledge, no experimental evidence suggests LPS transmembrane transport [28, 31] . Hence, the only mechanism to explain the amnion-dependent choriodecidual secretion of IL-1␤ is an intramembranous signaling pathway that starts in the amnion.
The release of large amounts of TNF␣ by membranes under LPS stimulation results from summative amniochorion secretion, because both tissues can independently secrete this cytokine, as shown by the experiments using separated amnion or choriodecidua. The choriodecidual compartment accumulated more TNF␣ than the amniotic compartment, but the presence of TNF␣ in the choriodecidual compartment after amniotic stimulation can also be explained by diffusion of the cytokine or activation of choriodecidual secretion of TNF␣ by a hitherto-unidentified, intramembranous signaling pathway.
In contrast to the effects of LPS, stimulation of either amnion or choriodecidua with GBS resulted in IL-1␤ secretion only by the choriodecidua. We found no evidence of cooperative communication between the fetal membranes, and GBS was better than LPS for stimulating the choriodecidual secretion of IL-1␤. These findings support the idea that the choriodecidua is the only source for IL-1␤ secretion and that it contains the elements for recognition of GBS. However, as demonstrated previously, IL-1␤ can reach the amniotic compartment by a poorly characterized, intramembranous trafficking pathway [19, 28, 31] . On the other hand, both amnion and choriodecidua can cooperate in recognizing GBS, leading to TNF␣ secretion as well as IL-1␤ secretion. The choriodecidua was the main source for TNF␣ even when the amnion face received the primary stimulus, reinforcing the hypothesis of an intramembranous signaling pathway. However, a puzzling situation emerged when the secretions of both IL-1␤ and TNF␣ were analyzed under simultaneous stimulation of choriodecidua and amnion. We observed no response in the amniotic compartment and lower secretions of both cytokines in the choriodecidual compartment relative to the maximum secretion induced with GBS. This also contrasts with the capacities of the amnion and choriodecidua when they were tested separately, at which time the amnion secreted appreciable amounts of TNF␣. It is possible that counterregulatory signals were exchanged between tissues, resulting in a state of pseudoanergy to GBS. The possibility that this situation occurs in vivo is highly improbable but deserves further investigation.
Our results add to the information about the widely recognized secretion of proinflammatory cytokines in amniotic fluids from women with intraamniotic infections [5] , and they point toward a cellular origin of these compounds (Fig.  4) . Because the choriodecidua appears to be the major source of cytokines in response to infection, further research concerning the choriodecidua/amnion interactions resulting in cytokine release is needed. The inflammatoryresponse genetic background may explain the variable response of membranes to infection; as demonstrated recently [32] , membranes carrying the ''hyper-responsive'' gene polymorphisms of IL-1␤ may secrete greater amounts of this cytokine on equivalent stimulation with LPS compared to membranes carrying the more common gene polymorphism. This may account for the observed difference in the basal secretion of this cytokine in our experiments.
Also of interest is the mechanism of cytokine transmembrane passage. In the present study, we found evidence that the fetal membranes can react differently to the arrival of microorganisms depending on the primary route of contact (amnion or choriodecidua) or the nature of the stimuli (entire organism or soluble products). Our results also suggest the existence of a cooperative interrelation between both membranes and the existence of at least two different mechanisms for membrane activation in response to microorganisms. One depends on the interaction between soluble products, such as LPS. This compound may exert a whole response in chorioamnion, independently of the stimulated side. Toll-like receptors (TLRs) are essential for the induction of innate immune response and were identified early on as receptors for LPS-induced signal transduction. The effective TLR4 activation by LPS requires the interaction of LPS with CD14 and the accessory protein MD-2 [33] . Although to our knowledge no reports of TLR expression in fetal membranes have appeared, some reports have demonstrated TLR2 and TLR4 proteins in human placenta of normal-term deliveries [34] . Furthermore, other authors have demonstrated up-regulation of TLR4 expression in villous Hofbauer cells of preterm placentas and amniotic fluid with chorioamnionitis [35, 36] , stressing their possible role in the initial recognition of LPS-containing bacteria.
Recent evidence of an amnion-derived mediator able to activate chorion under infection-related conditions has been described by Ognjanovic et al. [37] . They showed that pre-B-cell colony-enhancing factor is a cytokine that is expressed constitutively by the human fetal membranes during pregnancy but is up-regulated during chorioamnionitis.
The second mechanism can only be explained by invoking the recognition of GBS by immune cells located in the choriodecidual side to initiate an inflammatory response. In addition, our experiments suggest the existence of a noncharacterized, intermembranous signaling network that permits the coordinate and bidirectional activation of both amnion and choriodecidua.
